INTRODUCTION
Three-dimensional (3D) printing involves the creation of a 3D product through combining and depositing materials (i.e. plastic, metals, and ceramics) in layers. 1 Since the first patent was made by Charles Hull in 1984, advances in 3D printing technology have allowed it to be utilized in a variety of fields, including engineering and medicine. 2 Specifically, 3D printing technology has been useful in refining surgical techniques. 3D-printed anatomical models, surgical implants, and prosthetic limbs have proven to be beneficial in daily medical practice. Organ resection, reconstruction surgeries, reparative procedures, and organ transplantations have also been improved through this technology. 1 
3D PRINTING METHODS IN A SURGICAL CONTEXT
The first step in 3D printing in a surgical context involves creating the 3D model itself, usually through computer-aided design (CAD) software or the conversion of data from computerized tomography (CT) or magnetic resonance (MR) scans. 3 Next, the images are set through post-processing and segmentation steps to extract anatomical regions of interest. These regions are then transcribed into a computerized model with which tessellated triangles are used to approximate the contours of the model. 4 This file can then be used by CAD software for further processing to improve the model's design, before being sent to the printer for producing a tangible 3D object. 3 The quality of the model is highly dependent on the quality of the original scans, with higherresolution models scans producing higher-quality models. 3 
A NEW AGE FOR IMPLANTS Research surrounding 3D-printed bone implants and scaffolds have shown advances in combating
Biotech Blueprint osseointegration. 9, 10 Any potential bone substitute requires a high degree of osseointegration to facilitate the bond between new bone and the scaffold biomaterial. 10 Although this requirement has limited the available pool of biomaterials for use in bone implants, advances in inkjet 3D printing with titanium alloy powders have enabled research into osseointegration with 3D modeled structures. 9 Beyond bone graft physiology, it is important to consider the functionality and survival of bone grafts post-implantation. All bone implants must minimize the impact of Wolff 's Law: under physical stress, bone is deposited in areas where stress occurs the most and is removed where it occurs the least. 11 Consequently, any differences between the stress-bearing properties of the implant and surrounding bone tissue may result in long-term bone loss. Therefore, while bone graft integration is critical in promoting bone regrowth, it is also important to consider the load-bearing and stress-shielding mechanical properties as well as orientation of the graft in question. 12, 13 To date, clinical applications of 3D-printed implants are few and far between, with most surgeons in this field applying bone tissue models to preoperational planning and surgical training. 11 However, studies utilizing 3D-printed scaffolds for bone regeneration seem promising, showing evidence that cellular proliferation and bone matrix formation are supported by these bone scaffolds. 12 Yet, with multiple methods to create 3D-printed tissue scaffolds that maximize osseointegration, more research is still required to generate reliable tissue scaffolds that facilitate bone regrowth while avoiding host rejections. 10 
MOVING TOWARDS IMPROVING SURGICAL PREPARATION
To better understand the extent of a disease in a patient prior to surgery, surgeons will rely on two-dimensional (2D) images obtained from X-rays, CT scans, or MRI scans. 4 However, 2D depictions may differ from what the surgeon actually encounters during an operation.5 This process intrinsically requires a high degree of visualization on the surgeon's part, which may be difficult for inexperienced surgeons. 4 Furthermore, a surgeon's understanding of a patient's anatomy may be complicated by variation or changes in shape due to disease progression. 5 While 3D renderings of radiography, CT, and MRI scans have been developed to better visualize complex pathologies, they lack tangibility. 4, 5 These problems have prompted the use of 3D printing technology in pre-operational settings. Patient-specific anatomical models provide a tangible structure to manipulate -as opposed to 2D and 3D renderings of images -while maintaining accuracy. 5 The introduction of 3D-printed anatomical models has markedly improved surgical preparation. For instance, they can be used by surgeons to perform "trial runs" for surgeries, allowing surgeons to predict potential technical challenges due to anatomical variations. 2,5 3D-printed anatomical models have been used to prepare for surgeries in many disciplines, including cardiac and orthopedic surgery. 6, 7 In these settings, researchers report that the models had been useful in planning and improving physician understanding of surgical procedures. 6, 7 Additionally, a study showed that out of 22 patients undergoing hepatectomy, 20 operations were successful the first time with the help of 3D model preparation with only two requiring further open surgery. 3 There are limitations to the use of 3D printing technology for surgical preparation. Firstly, utilizing this technology necessitates specific skills that are not typically taught to surgeons. 8 Furthermore, it has been reported that the accuracy of 3D-printed models was insufficient in more precise surgeries, as certain anatomical structures are too fine to be successfully replicated. 3 Another concern among researchers is the cost of implementing 3D printing technology; however, with the increasing accessibility and the decreasing cost of 3D printing, this concern will likely diminish over time. 3, 8 THE FUTURE OF 3D PRINTING IN SURGERY Given the successes of 3D printing in many aspects of surgery, there is much opportunity for growth. The money and time needed to print 3D models, implants, and prostheses are likely to decrease in comingyears, improving the clinical accessibility of this technology. 5 Furthermore, as research advances, a wider range of materials will permit better simulation of realistic tissues; surgeons will increasingly have access to better practice specimens, and consequently better surgical outcomes will be produced. 17 Despite recent advancements in 3D printing technology, regulations for its use in surgery are virtually nonexistent. Currently, there are no formal protocols for using surgical 3D printing that can ensure a high degree of quality control. Such regulations, if implemented, must ensure that only the highest quality implants are used during surgery. 18 The adoption of these protocols is therefore the key to increasing surgeons' trust in this technology, so that one day it may truly find its place in the surgical toolbox.
